To explore the link between Sense of Embodiment (SoE) over a virtual hand and physiological regulation of skin temperature, 24 healthy participants were immersed in virtual reality through a Head Mounted Display and had their real limb temperature recorded by means of a high-sensitivity infrared camera. Participants observed a virtual right upper limb (appearing either normally, or with the hand detached from the forearm) or limb-shaped non-corporeal control objects (continuous or discontinuous wooden blocks) from a first-person perspective. Subjective ratings of SoE were collected in each observation condition, as well as temperatures of the right and left hand, wrist and forearm. The observation of these complex, body and body-related virtual scenes resulted in increased real hand temperature when compared to a baseline condition in which a 3d virtual ball was presented. Crucially, observation of nonnatural appearances of the virtual limb (discontinuous limb) and limb-shaped non-corporeal objects elicited high increase in real hand temperature and low SoE. In contrast, observation of the full virtual limb caused high SoE and low temperature changes in the real hand with respect to the other conditions. Interestingly, the temperature difference across the different conditions occurred according to a topographic rule that included both hands. Our study sheds new light on the role of an external hand's visual appearance and suggests a tight link between higher-order bodily self-representations and topographic regulation of skin temperature.
Introduction
The impression that our body belongs to us [Feeling of Ownership (FO) ] and that we exert full control over its action (Feeling of Agency) is at the base of the SoE that plays a fundamental role in self-consciousness. SoE can be altered as a result of neurological and/or psychiatric disorders (Blanke et al., 2004; Vallar & Ronchi, 2009; Berlucchi and Aglioti 1997; Heydrich et al., 2010) . It can also be altered in healthy people by using a simple experimental paradigm in which a rubber hand is either stroked synchronously with hidden-from-view real hands [Rubber Hand Illusion (RHI)] (Botvinick & Cohen, 1998) or moved synchronously with real hands (Tsakiris et al., 2006; Kalckert & Ehrsson, 2012) .
Rubber Hand Illusion studies demonstrate that the illusory SoE over an external body part can occur at both explicit (as indexed by subjective ratings in questionnaires) and implicit levels [as indexed by changes in physiological (Armel & Ramachandran, 2003) and neural reactivity (Ehrsson et al., 2004; Arzy et al., 2006) ]. These studies highlighted the importance of a variety of factors in eliciting SoE, including the congruency between multisensory visuo-tactile (Botvinick & Cohen, 1998) , visuo-motor (Tsakiris et al., 2006; Kalckert & Ehrsson, 2012 , visuo-spatial (Lloyd, 2007) and visuo-vestibular information (Macauda et al., 2015) , as well as the external object's shape (Haans et al., 2008; Tsakiris et al., 2010) and its anatomical and postural appearance (Pavani et al., 2000; Ehrsson et al., 2004; Costantini & Haggard, 2007; Ide, 2013) .
Importantly, recent studies have highlighted a relationship between FO and the physiological mechanism of skin temperature regulation (Moseley et al., 2008; Hohwy & Paton, 2010; Salomon et al., 2013; Macauda et al., 2015) . Moseley et al. (2008) observed that FO experienced over a rubber hand is reflected by a skin temperature reduction in the participant's real hand. The authors concluded that the disruption of temperature regulation is linked to a disruption in ownership of the real body (Moseley et al., 2008) . This aligns with previous clinical observations indicating that patients with an altered sense of body ownership, such as those with complex regional pain syndrome (Janig & Baron, 2003; Moseley, 2005) , anorexia (Lautenbacher et al., 1991) and self-injurious behaviour (Symons et al., 2001 ) (see Table S1 in Moseley et al., 2008 for more details) show alterations in skin temperature.
Recent advances in computer science have allowed researchers to use Immersive Virtual Reality (IVR) to investigate the SoE over a virtual body by adapting the original version of the RHI paradigm. Data obtained regarding embodiment of virtual body parts (Slater et al., 2008 (Slater et al., , 2009 Sanchez-Vives et al., 2010) and full virtual bodies (Ehrsson, 2007; Lenggenhager et al., 2007; Petkova & Ehrsson, 2008; Slater et al., 2010; Maselli & Slater, 2013 show that first-person perspective (1PP) and visual appearance of the virtual body (Kilteni et al., 2012; Perez-Marcos et al., 2012; Martini et al., 2015; Tieri et al., 2015a,b) have crucial roles in eliciting SoE (Petkova & Ehrsson, 2008; Petkova et al., 2011; Slater et al., 2010; Maselli & Slater, 2013) . Similarly, we recently reported that even the mere passive observation of a virtual limb from a 1PP (without any multisensory visuo-tactile or visuo-motor boosting) is sufficient to elicit FO at explicit (e.g., questionnaire answers; Tieri et al., 2015a) , implicit [e.g. skin conductance response (SCR; Tieri et al., 2015b; Fusaro et al., 2016) and electroencephalographic response ] levels. Moreover, we observed (Tieri et al., 2015a) that 1PP passive observation can also induce a feeling of control over the virtual body's actions (i.e. Vicarious Agency (VA); Wegner et al., 2004) . Relevant to the present study, we found that both subjective ratings (Tieri et al., 2015a,b) and amplitude of SCRs (Tieri et al., 2015b) were lowered when the virtual hand appeared to be disconnected from the rest of the body. This suggests the importance of body visual continuity in eliciting SoE. However, despite increasing interest in using IVR to investigate body representation, a direct investigation of how skin temperature regulation underlies the embodiment of a virtual body (or part of one) is still lacking.
In the present study, we investigated whether the SoE over a virtual hand is reflected in changes to the physiological mechanism of skin temperature regulation, and whether this skin temperature is modulated by the visual appearance of the virtual limb. We addressed these issues by capitalising on (i) the power of IVR in order to substitute the participant's real hand with a spatial-and size-matched virtual one (Fig. 1A) ; and (ii) infrared thermal imaging recordings, a technique which has proved critical in revealing unique temperature patterns in different districts of the body (Panasiti et al., 2016) . This technique allowed us to investigate skin temperature at different points of the dorsal surface of the upper limb (rather than the small region allowed by standard thermometers) with high spatial and temporal resolution (Fig. 2) . In particular participants passively observed different visual appearances of a virtual right upper limb (Full-Limb, m-Wrist, Fig. 1B ) or of limbshaped non-corporeal objects (Full-Wood, m-Wood, Fig. 1B ) from a 1PP using a Head Mounted Display (HMD). During the experiment, both explicit (i.e. standardised questionnaire regarding FO, VA, and the time needed to evoke the illusion of FO) and implicit measurements [i.e. skin temperature of the hand, wrist and forearm of the right (experimental) and left (control) upper limb] were acquired. Moreover, since heart rate (HR) may be an index of general autonomic reactivity (Bradley & Lang, 2000; Kreibig, 2010) rather than a proxy to embodiment (Fusaro et al., 2016) and presence (Vecchiato et al., 2015) , we recorded it as a control measure. Based on previous evidence that (i) the illusory SoE is reflected by a drop in skin temperature of the real hand (Moseley et al., 2008) and (ii) the observation of a virtual body in 1PP is sufficient to elicit SoE (Petkova & Ehrsson, 2008; Slater et al., 2010; Petkova et al., 2011; Maselli & Slater, 2013; Tieri et al., 2015a,b; Pavone et al., 2016) , we expected maximal subjective ratings of SoE (FO and VA) and a decrease in skin temperature during observation of the Full-Limb condition. Moreover, we expected negative correlations between subjective ratings (FO and VA) and skin temperature for this condition. We also explored whether any temperature modulation was specific to the embodied hand. For m-Wrist, Full-Wood and m-Wood conditions we expected lower subjective ratings (FO and VA) and no reduction in skin temperature. Finally, we expected no significant differences in HR across the different observational conditions.
Materials and methods

Participants
Twenty-four healthy volunteers took part in the study (fourteen male; age mean AE SD, 28.4 AE 3.6). All participants were right-handed with normal visual acuity and were naive as to the purposes of the experiment. The experimental protocol was approved by the ethics committee of the Fondazione Santa Lucia and was carried out in accordance with the ethical standards of the 2013 Declaration of Helsinki. All participants gave their written informed consent to take part in the study. One participant was excluded from the sample because of a technical problem that occurred with the thermal images during the recording. All analyses were thus performed on a sample of 23 subjects.
Experimental stimuli and setup
The virtual scenario was designed using 3DS Max 2015 (Autodesk, Inc.) and implemented in XVR 2.0 (Tecchia et al., 2010; Tecchia et al., 2014 ; http://www.vrmedia.it/en.html). It consisted of a realsize dining room and a virtual avatar sitting in front of a table placed in the centre of the room. The virtual avatar was created using Poser Pro 2010 library (Smith Micro, Inc.) and implemented in XVR. The virtual body and the scenario were presented by means of an HMD (www.oculusvr.com) with a 110°field-of-view (diagonal FOV), a resolution of 1280 9 800 (16 : 10 aspect ratio, 640 9 800 per eye) and an internal sensor for head tracking (3 degrees of freedom). The virtual body was presented with both upper limbs placed on the table in a fixed position. The avatar's left limb appeared occluded from view by a virtual grey panel, while the different visual appearances of the virtual right limb, or of the control non-corporeal object, were unobstructed (Fig. 1B ). More specifically, the different observed stimuli were: (i) a standard full limb (Full-Limb); (ii) a limb with a detached hand due to a missing wrist (m-Wrist); (iii) a limb substituted by a plain wooden block (Full-Wood) and (iv) a plain wooden block with the extremity detached due to a missing piece of wood (m-Wood). The skin temperature of the participants' upper limbs was recorded with a FLIR digital infrared camera SC3000 (8-9 lm spectral range, frame rate = 10 frame/s) and handled by the ThermaCAM (TM) RESEARCHER PRO 2.10 software. Recording was performed in a climate-controlled room and maintained at 23 AE 1°C and 50-60% relative humidity. The camera was positioned on a tripod placed 160 cm away from the participants' upper limbs ( Fig. 2A ) and was interfaced with the XVR 2.0 by means of a TriggerStation TS832U (Braintrends Ltd, www.braintrends.it). The electrocardiogram (ECG) was recorded with a BioHarness TM 3 Chest Strap (Zephyr Technology; http:// www.zephyranywhere.com/products/bioharness-3). Signals were sampled at 250 Hz and analysed using LABCHART 7 software (ADInstruments, Inc.). In order to assess the degree to which participants experienced the illusory FO and Vicarious Agency (VA) over the virtual right hand, a 12-item questionnaire (Table 1) adapted from previous studies (Botvinick & Cohen, 1998; Tieri et al., 2015a) was used. The questionnaire consisted of two blocks, each with six items concerning the FO (Q1-3 experimental, Q4-6 control) and Vicarious Agency (Q7-9 experimental, Q10-12 control), respectively. While the order of the blocks was counterbalanced across participants, the order of the items in each block was randomised. Finally, a vocal reaction time was recorded [Start Time of Illusion (STI)] in order to determine the instant at which participants started to feel the illusory FO over the virtual right hand during the experimental conditions. Specifically, participants were told the following as they observed the virtual limb: 'please say "now" if you begin to feel the Virtual Hand/Virtual Object as your own' (statement adapted from Q3; see Table 1 ).
Procedure
Participants wearing the BioHarness 3 Chest Strap device for cardiac signal measurement were invited to sit in a chair in front of a table. They then passively observed the virtual body and the environment from a 1PP through the HMD (Fig. 1A) . Before the experiment, participants underwent Calibration and Familiarisation phases. In the Calibration phase, the avatar's size and the point-of-view of each participant were adjusted to accord with individual dimensions and positioning. In the Familiarisation phase, participants were invited to look both at the virtual body (which was fully visible in 1PP, without any occlusion over the left upper limb by the virtual grey panel) and at the environment, and to verbally describe what they were seeing (60 s) Tieri et al., 2015b) . The experiment was composed of four separate blocks, one for each visual upper limb manipulation (Full-Limb, m-Wrist, Full-Wood, m-Wood; Fig. 1B ). These blocks were presented in counterbalanced order across participants. Each block was divided into two time windows ( Fig. 3) . In the first time window (from 0 to 60 s), participants were asked to passively observe a black environment and a 3D red virtual ball that appeared in a position corresponding to that where the virtual right middle index would later be located in the relative observation condition (fixation point; Fig. 3 , left panel). Importantly, the temperature collected in this phase was used as the baseline for normalisation of the different observation conditions (see section 'Data preprocessing'). The second time window then began with the appearance of the virtual avatar, and participants were asked to focus their attention on the right virtual hand (from 60 to 240 s) (hand observation; Fig. 3 ). During this window, the time at which the illusory FO took place was recorded by vocal responses. Finally, a black screen covered the whole virtual scenario at the end of each block and an Inter Trial Interval (from 240 to 480 s) was performed in which participants verbally rated the strength of the illusory Ownership and Vicarious Agency over the virtual hand (see Table 1 ) on a 7-point rating scale (1 = no sensation; 7 = highest sensation). A schematic sequence of the events is reported in Fig. 3 .
During each block the skin temperatures of both right and left upper limbs were continuously recorded, along with ECG activity, by the digital infrared camera and the BioHarness TM 3 Chest Strap respectively. Before the experiment participants underwent a 'temperature adaptation period' in which they were required to remain seated and relaxed in the experimental room for 15 min.
It is worth noting that, due to a technical limitation of the HMD, we used an indirect way to control for whether participants were actually looking at the right virtual hand. In particular, the experimenter continuously checked (i) the orientation of the participants' head (which had to be directed toward their real hand) and (ii) the virtual scenario on the PC monitor (where the virtual hand/limb always had to be positioned in the centre of the monitor) for each block. If these conditions were not satisfied, participants were gently asked to look at the hand/limb body parts (Tieri et al., 2015b) .
Data preprocessing
Infrared thermal images for each participant were divided into six separate Regions Of Interest (ROIs) corresponding to the dorsal surfaces of both right and left hand, wrist and forearm (Fig. 2B) . To guarantee consistent ROI recording, same size polygons were adapted to individual limb configurations and drawn on each participant's upper limb region. For each experimental block, changes in temperature for each ROI were computed by using the following procedure:
DT ¼ tðobservationÞ À tðbaselineÞ where t(observation) represents the temperature recorded during the observation of the virtual stimulus (e.g. hand observation, Fig. 3 , middle panel) and t(baseline) the mean temperature recorded during the observation of the virtual red ball (fixation point, Fig. 3 , left panel). All analyses of the skin temperatures recorded while participants observed the virtual hand (fixed hand observation, Fig. 3 , right side) were performed on the means of DT included in the time window of 79 to 170 s from the start of hand observation. The choice of this time window was based on the significant P values (< 0.05) revealed by a series of one-way ANOVA with Visual Appearance as within group factor, computed for each second of the right limb's skin temperature signals over time (see Tables S1 and S2 in Data S1 for statistical analyses explaining the choice of the time window).
Results
Analysis of subjective reports on questionnaires
Given their ordinal nature, questionnaire data were analysed by means of cumulative logit models (Agresti, 2002) . Questionnaire data were aggregated through median (Q1-3 experimental FO, Q4-6 control FO, Q7-9 experimental VA, Q10-12 control VA) and analysed in R (R Development Core Team, 2015) by using the clmm function of the ordinal package (Christensen, 2015) . The ANalysis Of DEviance (ANODE, McCullagh & Nelder, 1989) table was used to summarise the cumulative logit analysis results in an ANOVA-like way. Fixed effects were the Visual Appearance (levels: m-Wrist, m-Wood, Full-Limb and Full-Wood), Illusory Feeling (levels: FO, VA) and Role (levels: Experimental question, Control question). The random intercepts were the Subject and the interaction between the three fixed effects. Post hoc analyses were computed by means of Wilcoxon Signed Rank and Bonferroni corrected tests. The ANODE on questionnaire data showed significant results for the interaction between Visual Appearance and Role and for the main effect Role (experimental and control items), but no statistically significant differences between VA and FO sensations (see Table 2 and Fig. S3 in Data S1).
Post hoc analyses showed that in all conditions, the experimental questions had greater scores than the respective control questions (all Ps < 0.03). Furthermore, in order to understand which Visual Appearance evoked greater SoE (FO + VA), a pairwise Wilcoxon Signed Rank (Bonferroni corrected) test was applied to the experimental questions. Full-Limb scores (mean AE SEM 5.28 AE 0.26) were greater than m-Wrist (4.00 AE 0.24, P < 0.001), Full-Wood (2.65 AE 0.23, P < 0.001) and m-Wood (1.91 AE 0.17, P < 0.001) scores. m-Wrist scores were greater than Full-Wood and m-Wood scores (in both cases P < 0.001). The comparison between FullWood vs. m-Wood was also significant (P < 0.01). This pattern of statistically significant results on SoE (VA + FO) can be more clearly summarised as Full-Limb > m-Wrist > Full-Wood > mWood (see Fig. 4 ). Table 3 shows the percentage of participants who experienced illusory feelings. Also displayed are the means and standard deviations of the STI of FO (the time between the start of the observation and the point at which participants began to feel that the Virtual Hand/Virtual Object was their own). Inspection of Table 3 clearly shows that only during the Full-Limb observation condition did all participants (100%) report feeling the illusory sensation. This occurred 44.43 s after beginning to passively observe the virtual right hand. In contrast, there was an increase in STI and a decrease in the percentage of participants with illusory feelings in the m-Wrist (56.52%; STI mean = 65.08 s), Full-Wood (47.82%; STI mean = 68.55 s) and m-Wood conditions (13.04%; STI mean = 80.33 s).
Start time of illusory feeling of ownership
Skin temperature
Inspection of Figs 5A and 6A (that represent the temperature change over time of the participant's right and left hand, respectively) suggests a clear modulation of the temperature depending on the virtual limb's visual appearance. More specifically, while the observation of m-Wrist, Full-Wood and m-Wood conditions leads to a large increase in temperature (DT =~0.14°C) over 
= P-value. ***P < 0.001. time, the observation of Full-limb condition brought about little increase (DT =~0.013°C). The data passed the KolmogorovSmirnov test for normality and were analysed using a one-way repeated-measures ANOVA and Newman-Keuls test for the within group effect of Visual Appearance (Full-Limb, m-Wrist, FullWood, m-Wood). Statistical analysis on the ROI over the right hand revealed that skin temperature was significantly modulated by the Visual Appearance (F 3,66 = 3.37, P = 0.024; partial ƞ 2 = 0.13; power = 0.74; Fig. 5B ). Within group comparisons revealed a slight skin temperature increase in the Full-Limb condition (DT mean AE SEM; 0.022 AE 0.029) compared to the other conditions which saw large skin temperature increases: m-Wrist (0.138 AE 0.045; P = 0.034), Full-Wood (0.127 AE 0.028; P = 0.023), m-Wood (0.15 AE 0.036, P = 0.032). No significant differences were found between m-Wrist, Full-Wood and m-Wood conditions (P > 0.79) (Fig. 5B) . Moreover, no significant effects were found by the statistical analysis on the ROIs over the right wrist and forearm (Right Wrist: F 3,66 = 1.19, P = 0.32; partial ƞ 2 = 0.05; power = 0.31; Right Forearm: The statistical analysis on the ROI over the left hand revealed that skin temperature was significantly modulated by the Visual Appearance (F 3,66 = 3.85, P = 0.013; partial ƞ 2 = 0.14; power = 0.79; Fig. 6B ). Within group comparisons revealed an increase in skin temperature of the left hand that was significantly smaller with respect to the other conditions: m-Wrist (0.139 AE 0.045; P = 0.01), Full-Wood (0.139 AE 0.025; P = 0.026), m-Wood (0.154 AE 0.036, P = 0.021) when participants passively observed the Full-Limb (DT mean AE SEM; 0.014 AE 0.026). No significant differences were found between m-Wrist, Full-Wood and m-Wood conditions (P > 0.79) (Fig. 6B) . Analysis on the ROIs over the left wrist and forearm revealed no modulation of skin temperature between the Visual Appearances (Left Wrist: F 3,66 = 0.53, P = 0.66; partial ƞ 2 = 0.02; power = 0.15; Left Forearm: F 3,66 = 0.73, P = 0.54; partial ƞ 2 = 0.03; power = 0.19; see Fig. S2 in Data S1). In order to investigate any possible differences between the skin temperature of both right and left hand, wrist and forearm, a series of two-way ANOVAs with the ROI (Right vs. Left) and Visual Appearance (FullLimb, m-Wrist, Full-Wood, m-Wood) as within-subjects factors were performed. Statistical analysis of the right and left hand ROIs revealed a significant effect of Visual Appearance (F 3,66 = 3.79, P = 0.014) but no significant interaction (F 3,66 = 0.32, P = 0.81) or effect of the ROI (F 1,22 = 0.043, P = 0.84). These results suggest that the temperature change elicited by observation of the right virtual hand affects the real right as well as the left hand. Moreover, two-way ANOVA with the ROI (Right Wrist vs. Left Wrist) and Visual Appearance as within-subjects factors showed no significant interaction (F 3,66 = 0.39, P = 0.76), and no effect of either ROI (F 1,22 = 0.24378, P = 0.63) or Visual Appearance (F 3,66 = 0.91, P = 0.44). Similarly, two-way ANOVA with the ROI (Right Forearm vs. Left Forearm) and Visual Appearance as within-subjects factors showed no significant interaction (F 3,66 = 0.77, P = 0.51) and no effect of either ROI (F 1,22 = 1.27, P = 0.27) or Visual Appearance (F 3,66 = 0.75, P = 0.53) (see Supporting information for control analyses about the baselines and order of conditions).
Correlation analysis between questionnaire responses and skin temperature
We performed a correlation analysis between the questionnaire responses (e-FO and e-VA) and DT of the experimental right hand in order to assess whether the subjective experience of Ownership and Vicarious Agency over the virtual hand is reflected by a modulation of skin temperature of the participants' real hands. Analyses showed that both FO and VA were negatively correlated with DT of the right hand's ROI only during the observation of Full-Limb condition (FO: r = À0.42, P = 0.049; VA: r = À0.49, P = 0.018), suggesting that the higher the perceived Ownership and Vicarious Agency, the lower the skin temperature of the real right hand.
Heart rate
Heart Rate (HR) was analysed separately in two temporal time windows, i.e., (i) the 0-170 s window of hand observation (Fig. 3) and (ii) the 79-170 s time window in which thermal imaging analysis was performed. Analyses revealed no significant effects across conditions. This suggests that no differential general autonomic reactions (Bradley & Lang, 2000; Kreibig, 2010) were brought about by the different visual appearances of virtual limb or limb-shaped noncorporeal objects (see Supporting information).
Discussion
In the present study, we combined IVR and thermal imaging recordings to investigate the relationship between the SoE over an external virtual hand and the physiological mechanism of skin temperature regulation. We expand on previous studies Petkova et al., 2011; Maselli & Slater, 2013 by showing that, even in the absence of any visuo-tactile or visuo-motor boosting, the simple passive observation of a normal virtual hand (Full-Limb) in 1PP is a sufficient condition to elicit illusory FO and VA. On the contrary, the observation of non-natural bodily appearances (m-Wrist) and non-corporeal control objects (Full-Wood and m-Wood) is not sufficient in doing so. We also build on our previous observations (Tieri et al., 2015a,b) by showing that experiencing conscious FO over a passively observed virtual hand is a slow process that develops over many seconds (~44.3 s from the start of the virtual hand's observation). Moreover, we expanded on previous evidence for the existence of a link between skin temperature and bodily illusions (Moseley et al., 2008; Hohwy & Paton, 2010; Llobera et al., 2013; Salomon et al., 2013; Macauda et al., 2015) by reporting that changes in strength of FO and VA over the virtual body were reflected by somato-topic changes to the real body's skin temperature regulation. Analyses of thermal images showed (i) a significant modulation in skin temperature of both right and left hand, with a large temperature increase during the observation of m-Wrist, Full-Wood and m-Wood (mean DT =~0.14°C) conditions and only a slight increase during the Full-Limb condition (mean DT =~0.02°C) that had produced maximal embodiment scores; and (ii) that such effects occurred~79 s after the start of the virtual hand's observation (~35 s after the conscious experience of illusory ownership had begun). Finally, we found negative correlations between skin temperature and subjective ratings of FO and VA, confirming a tight relationship between the higher-level aspects of the bodily self and the autonomic mechanism of temperature regulation (Moseley et al., 2008; Llobera et al., 2013) .
Subjective experience of owning a virtual body and controlling its actions
Studies indicate that acquiring SoE over an external object requires the convergence of two main sources of information: (i) the on-line integration of bottom-up, congruent multisensory visuo-tactile (Botvinick & Cohen, 1998; Ehrsson et al., 2004 Ehrsson et al., , 2005 Costantini & Haggard, 2007) , visuo-motor (Tsakiris et al., 2006; Sanchez-Vives et al., 2010; Kalckert & Ehrsson, 2012) , visuo-spatial (Lloyd, 2007) and visuo-vestibular (Lopez et al., 2010; Macauda et al., 2015) information; and (ii) the modulation of top-down information based on an internal body representation (Graziano & Botvinick, 2002; Makin et al., 2008; Tsakiris, 2009 ). Here we showed that simple passive observation in 1PP is a sufficient condition for eliciting SoE over a virtual body even in the absence of multisensory stimulation and without any alteration of the peripersonal space. Importantly, both FO and VA were modulated differently by the visual appearance of the virtual body. This resulted in higher subjective ratings during the observation of the normal virtual limb (Full-Limb) compared to the non-natural bodily appearance (discontinuous limb), confirming the important role of body-visual continuity in eliciting the SoE over the external body. Tellingly, a small visual discontinuity between the hand and the limb affected the SoE at both explicit (indexed by a decrease in subjective ratings of FO and VA, Tieri et al., 2015a) and implicit levels (as indexed by the amplitude of SCRs elicited by a threatening event, Tieri et al., 2015b) . Moreover, we also show that the sight of limb-shaped non-bodily objects negatively affects SoE. Indeed, the lowest levels of FO and VA were found when participants observed a plain wooden bock (FullWood) or a wooden block with the extremity detached (m-Wood). These results are in line with previous studies based on the classical RHI paradigm, where a strong illusory FO was obtained only when the external body part resembled a realistic 'rubber' hand, and not when it reproduced a wooden stick (Tsakiris & Haggard, 2005) , a plain wooden block (Guterstam et al., 2010; Tsakiris et al., 2010) or when the texture of a hand-shaped object did not resemble the human skin (Haans et al., 2008) . The influence of our experimental manipulation on the SoE could be due to the discrepancy between top-down (i.e. prototypical representations imply that a body has no interruptions, Graziano & Botvinick, 2002) , and bottom-up information (i.e. non-prototypicality of the virtual body's visual properties when it appeared as a discontinued body or non-corporeal object). It is also worth noting that the use of a VR-based paradigm allowed us to investigate the onset of a conscious experience of FO when the external body appears in the same position as the real one, it is passively observed in 1PP and there is no multisensory visuo-tactile boosting. Indeed, while previous evidence highlights that FO occurs as early as 10-30 s after the start of synchronous visual-tactile stimulation (Ehrsson et al., 2004 (Ehrsson et al., , 2005 Ehrsson, 2007; Lloyd, 2007; Ide, 2013) , we found that during the Full-Limb condition, in which embodiment scores were maximal, the illusory FO appeared~44 s after the start of the observation. We argue that eliciting a conscious experience of FO may require more time when FO is evoked over an external hand by means of passive observation than in experimental procedures based on visuo-tactile boosting. In any case, further studies are needed to better understand the role of stimulation type (i.e. passive vs. visuo-tactile vs. visuo-motor) in modulating the time needed to evoke a conscious experience of ownership. Finally, both the present and previous evidence for the 1PP's importance in eliciting SoE over the virtual body (Maselli & Slater, 2013; Tieri et al., 2015a,b; Pavone et al., 2016) leads us to suggest that disconnected hands as well as limb-shaped non-biological objects can be useful control stimuli for investigating bodily illusions in IVR.
Changes in skin temperature underlying the illusion of embodying a virtual avatar SoE over an external body is accompanied by changes in subjective and behavioural responses (Botvinick & Cohen, 1998; Pavani et al., 2000; Tsakiris et al., 2006) as well as changes in physiological (Armel & Ramachandran, 2003; Tieri et al., 2015b; Fusaro et al., 2016) and neural activations (Ehrsson et al., 2004; Tsakiris et al., 2007; Ehrsson, 2007; Pavone et al., 2016) . Interestingly, a growing number of studies are starting to investigate the relationship between the illusory ownership and the physiological mechanism of skin temperature. Unfortunately, however, a clear comprehension of this relationship is still lacking. In the present study, we capitalised on the power of IVR and made a novel investigation into whether SoE over a passively observed virtual limb elicits measurable changes in the physiological skin temperature of the real limb, and whether these changes are modulated by the visual appearance of the virtual limb. Statistical analysis of the temperature data revealed a significant main effect of the visual appearance of the virtual limb. This effect was characterised by a higher temperature increase (mean DT =~0.14°C) when observing non-natural virtual limb (m-Wrist) and human limb shaped non-biological objects (Full-Wood and mWood) than the small temperature increase (mean DT =~0.02°C) recorded when observing a natural looking virtual limb (Full-Limb). Importantly, we found that during the Full-Limb condition, in which embodiment scores were maximal, the explicit (subjective rating) and implicit (temperature changes) responses were negatively correlated (the higher the illusory SoE, the lower the skin temperature). These results not only suggest that the embodiment and the physiological mechanism of temperature regulation are linked, but also that the visual appearance of the body plays a fundamental role in this process. One may note that an increase in temperature was found in all observation conditions, a result that may seem at odds with findings obtained from RHI paradigms in which a drop in skin temperature of the stimulated hand was associated with ownership over the artificial hand (Moseley et al., 2008; Kammers et al., 2011) . Crucially, however, the temperature in our study was higher in all the observation conditions (conditions that we can say to be characterised by complex visual stimuli) with respect to the baseline (where only a fixation point was visible). This is in keeping with the notion that the sight of an arousing scene induces higher temperatures than the sight of less arousing stimuli (Salazar-L opez et al., 2015) . Moreover, the seeming discrepancy between Moseley et al. and our results may be due to the different cognitive mechanisms engaged during the experience of rubber and virtual hand illusion respectively. Indeed, previous findings suggest that the illusory ownership over the rubber hand comes with a disownership of the real one that brings about a decrease in skin temperature (Moseley et al., 2008; Kammers et al., 2011) and a modulation of tactile processing (Moseley et al., 2008) , pain thresholds (H€ ansel et al., 2011), histamine reactivity (Barnsley et al., 2011) and MEP amplitude (Della Gatta et al., 2016) . However, in IVR, the virtual and real bodies are unified in one overall body representation that brings about a 'replacement' of the real body rather than disownership feelings (Llobera et al., 2013) . In line with what was proposed by Llobera et al. (2013) , we suggest that passive observation in 1PP is also a sufficient condition for inducing a replacement of the real body. This interpretation may be supported by recent results observed on amputees in which the embodiment of a robotic prosthesis device is reflected by an increase in temperature of the residual limb (Marasco et al., 2011) . It is important to emphasise that, in the present study, the condition in which a full virtual limb was embodied induced the lowest increase in temperature of all the conditions. One possibly puzzling result of our study is that observation of a full right virtual limb modulated the temperature of both right and left real hands, as shown by the similarity in temporal evolution of the two hand ROIs' skin surface temperature. This is somewhat surprising. We were expecting a selective right hand effect because the left limb was totally occluded from view by a grey panel (covering the whole limb from the shoulder) and the participants were invited to look at the virtual right hand during the whole experiment. Our result is different from Moseley et al. (2008) who, using the classical RHI paradigm with visuo-tactile integration, found a cooling effect specific to the stimulated hand and not for the opposite hand or foot. However, when the stimulation was delivered by a robotic arm the specificity of the effect was not replicated (Rohde et al., 2013) . It has also been suggested that visuo-tactile stimulation brings about a more localised effect than other manipulations (Tsakiris et al., 2006) . In our VR set-up the embodiment was elicited by a simple passive observation in 1PP, a manipulation that could be less specific than localised visuo-tactile stimulation. Thus, we cannot exclude that by applying visuo-tactile boosting to our paradigm, the effect of temperature could be specific to the stimulated hand. It is important to mention here that the spreading of temperature is contingent upon the appearance of the full virtual limb and that it does not seem to be entirely non-specific, as it affects the left hand but not the other ROIs. While we do not have a ready explanation for this topography, we can speculate that a link exists between embodiment of a given body part and the attention one gives to it, so that the temperature effect spreads across symmetrical body parts with purportedly similar neural and behavioural representations. We believe that this may be an important issue to address in future studies. We suppose that the insula plays a fundamental role in the relationship between temperature and SoE. Studies indicate that the cross-modal visual and somatosensory integration processes activate the insular cortex (Bottini et al., 1995; Hadjikhani & Roland, 1998) . Importantly, this structure does play an important role in thermal regulation (Maih€ ofner et al., 2002) , in discriminating innocuous thermal sensation (Craig et al., 2000) , in limb ownership (Baier & Karnath, 2008; Karnath & Baier, 2010) and in mediating the influence of temperature on interoceptive processes (Kang et al., 2011) . Thus, although the present study did not explore insular activity, we submit that this region is crucially involved in regulating the link between temperature and SoE. Finally, we expanded on previous studies (Wegner et al., 2004; Tieri et al., 2015a) by showing that skin temperature was negatively correlated with VA, suggesting that the physiological mechanism of temperature regulation is also related to the higher-level aspects of sensorimotor processes. Indeed, it is possible that the observation of the hand could produce sub-threshold muscular activation that could in turn drive the effect we report, despite the fact that no movements were introduced in our paradigm. In conclusion, by building on the methodological advantages of IVR and infrared thermal imaging, the present study provides highly precise spatial and temporal information in support of a tight link between high levels of body representation and physiological mechanisms of temperature regulation. Moreover, our results expand on current knowledge regarding SoE and skin temperature by demonstrating that (i) changes in temperature regulation can also be elicited by means of passive observation of a virtual limb in 1PP (without any multisensory visuo-tactile or visuo-motor stimulation) and that (ii) the visual appearance of a virtual limb, in terms of shape and continuity, has a modulatory effect over the skin temperature. More specifically, observation of a full limb brought about high SoE and very low temperature changes with respect to observation of other types of complex visual scenes. The effects found for the full limb suggest that the real body is in some way replaced with the virtual one. However, due to the exploratory nature of our study, we are unable to determine whether the temperature effect related above relies exclusively on the 'mental' replacement of the real body with the virtual one, or on the absence of visuo-tactile stimulation. Thus, future studies are needed in order to clarify the factors that affect the relationship between the SoE of our body and temperature regulation. All in all, our results shed new light on the role of visual appearance of the external body in modulating the physiological mechanism of temperature regulation and suggest that the proposed methodology can be helpful for future studies about body representation and neurorehabilitations of body related disorders (e.g. phantom pain).
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